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Quantification and modulation of thrombomodulin activity in isolated
rat and human glomeruli. Thrombomodulin (TM), the endothelial cell
surface receptor for thrombin-mediated activation of protein C and of
its anticoagulant system, is involved in maintaining vascular nonthrom-
bogenicity, and depressed TM activity may induce intravascular fibrin
formation, TM antigen was previously found by immunohistochemical
methods in rabbit glomeruli. We therefore attempted to identify the
corresponding TM activity in isolated detergent-solubilized rat and
human glomeruli. Like purified lung TM, rat glomeruli extracts accel-
erated the hydrolysis by activated protein C of the chromogenic
substrate S-2238 in the presence of 10 nM thrombin, as determined by
spectrophotometry. One mg glomerular protein promoted the formation
of 681 115 nmol activated protein C, the equivalent of the amount
generated by 845 ng of purified rabbit TM. TM activity correlated with
the protein content of the glomerular extracts (r = 0.94). These extracts
prolonged rat plasma activated partial thromboplastin time. Incubation
of glomeruli with tumor necrosis factor-a (TNF) or E. coli lipopolysac-
charide depressed their TM-like activity in a dose and time dependent
manner. Incubation with TNF suppressed their anticoagulant activity.
In human glomeruli, TM activity was also found at a level which
corresponded to their TM antigen content, and was determined by
ELISA with mouse monoclonal antibody. These results indicate that
measurement of glomerular TM activity might help to clarify the
mechanisms of intraglomerular fibrin deposition in renal diseases.
Thrombomodulin (TM) is a constitutive anticoagulant glyco-
protein (—74 kD) of the endothelial cell surface membrane. TM
acts by binding the thrombin formed during the clotting pro-
cess, thus changing its substrate specificity. Once bound to TM,
thrombin loses its coagulant activity, and activates anticoagu-
lant protein C, a circulating vitamin K dependent protein. In the
presence of its plasma cofactor protein S, activated protein C
(APC) inhibits blood clotting by inactivating factors V and VIII
[1, 2]. In the absence of TM, thrombin only activates protein C
very slightly. In vitro, TM has been shown to increase APC
formation 20,000-fold [2]. Therefore the TM-thrombin complex
helps to inhibit the propagation of the clotting process by a
feedback mechanism. Immunohistochemical and functional
studies have shown that glomeruli or cultured glomerular cells
contain procoagulant, anticoagulant, fibrinolytic and antilibrino-
lytic components [3]. Thus, TM was detected by immunohisto-
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chemistry in rabbit glomeruli [4, 5], but its functional expres-
sion was not evidenced. In the present investigation, we show
by means of a chromogenic assay that rat and human glomeruli
express measurable TM activity, and in addition, that both
tumor necrosis factor-a (TNF) and bacterial lipopolysaccharide
(LPS) depress this activity in rat glomeruli.
Methods
Rat kidneys
Isolation of glomeruli. Glomeruli were isolated from male
Sprague Dawley rats weighing 250 to 400 g anesthetized with
pentobarbital according to a previously described method [61.
Briefly, after aortic puncture, the kidneys were washed in vivo
until blanched with heparinized isotonic saline. The cortex was
minced, and glomeruli were isolated by two successive cali-
brated mechanical sievings. Glomeruli were resuspended in
Tris-HC1 buffer, pH 7.5, containing 135 mrs'i NaCI, 10 mM KCI,
10 m sodium acetate and 5 m glucose.
Extraction ofTM, This was performed according to a method
derived from that of Esmon, Owen and Esmon for TM extrac-
tion from rabbit lungs [7]. Glomeruli were collected from two to
four rats and disrupted manually with 30 strokes in a Teflon
glass homogenizer at 4°C. The homogenate was centrifuged for
40 minutes at 30,000 g and 4°C. The pellet was resuspended in
3 ml of 0.25 M sucrose, 0.02 M Tris-HC1, 1 mrvi benzamidine-
HCI and 0.5% (vol/vol) Triton X-l00, pH 7.5, and again
homogenized and centrifuged as described above, TM activity
was assessed in the resulting extract. The protein concentration
of the extract was measured with the BCA protein assay
reagent (Pierce, Rockford, Illinois, USA) [8] using bovine
serum albumin as standard.
TM activity assays. The ability of TM to accelerate protein C
activation by thrombin was tested using a chromogenic assay,
as follows [9]: 0.5 M of purified protein C (Stago, Asnières,
France) in 100 .d of buffer was activated by 10 flM (1 NIH unit)
of human thrombin (Sigma Chimie, L'Isle d'Abeau, France) in
10 d of buffer in the presence of 5 mi calcium, 3 mg/ml of
bovine serum albumin and of 50 l of either glomerular extract
or buffer. Final volume was 200 d. Incubation of the mixture
lasted 30 minutes at 37°C. The activation phase was stopped by
adding 2 units of hirudin (Calbiochem, La Jolla, California,
USA) in order to eliminate the hydrolytic effect of thrombin on
the chromogenic substrate. The hydrolytic activity of the APC
thus generated was assessed by spectrophometric measurement
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Table 1. Effect of a typical detergent-solubilized rat glomerular
extract on hydrolysis of the chromogenic substrate S-2238 by
thrombin-mediated protein C (PC) activation
Changes in
optical
Agents mixed with S 2238 density/mm
10 nM thrombin 0.004
50 1.d glomerular extract 0.003
50 i1 glomerular extract + 10 flM 0.004
thrombin
50 d glomerular extract + 0.5 tM PC 0.005
Buffer + 0.5 /.M PC + 10 nM thrombin 0.018
50 d glomerular extract ÷ 0.5 M PC 0.085
+ 10 flM thronibin
0.2 g/ml rabbit thrombomodulin + 0.5 0.084
M PC + 10 nM thrombin
The glomerular extract contained 270 tg/ml protein. 0
At the end of the experiments, 2 units of hirudin were added to stop
the reaction.
at 405 nM of the rate of hydrolysis of D-Phe-pipecolyl-Arg-p-
nitroamilide, that is, S-2238 (KabiVitrum, Noisy Ic Grand,
France). For this purpose 800 pJ of Tris-HCI buffer, pH 7.5,
containing 0.1 mM of S-2238 was added to the mixture (final
volume: 1 ml). The changes in optical density per minute were
converted into units of APC by reference to a standard curve
constructed with concentrations of 20, 40, 80, 160 and 320 n of
preformed APC (Stago). This chromogenic assay was also
performed with serial dilutions (200, 80, 40, 20 ng/ml) of one
batch of purified rabbit lung TM (Stago) to check the activation
of protein C by thrombin, and to establish a correlation between
the amount of glomerular TM-like activity and given amounts of
reference TM. Results were expressed as nmol of APC/mg
protein in glomerular extract.
The direct anticoagulant effect of glomerular TM was as-
sessed by measuring activated partial thromboplastin time
(APTT) as follows [10]: 100 1.d of citrated rat platelet poor
plasma was mixed with 100 l of cephaline Kaolin solution
(Stago) and 50 1d of glomerular extracts or 250 ng/ml (final
concentration) of purified rabbit TM. After three minutes of
incubation at 37°C, 100 pi of 0.030 M CaCI2 was added and
APTT was recorded.
Estimation of the in vitro effects of bacterial LPS and TNf on
TM activity. In these experiments, glomeruli were isolated as
described above, except that once the kidneys had been per-
fused and removed, manipulations were carried out under
sterile conditions. Glomeruli were incubated in Petri dishes for
predetermined times with given concentrations of LPS from E.
coil (Sigma Chimic), or with human recombinant TNF (gift from
Dr W.D. Schleuning, Schering Inc., Berlin, Germany), or of the
same volume of the incubation medium consisting of RPM!
(Flow Labs, Irvine, UK) for the experiments with TNF, and
RPM! with 1% fetal calf serum for those with LPS. At the end
of incubation, the glomeruli were collected and TM activity was
extracted as described above. The effects of TNF on glomerular
anticoagulant activity were estimated as follows: the APTT test
was performed in the presence of extracts from glomeruli
incubated for one hour with either 10 or 50 ng/ml TNF, or with
vehicle.
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Fig. 1. Relationship between the protein content of extracts of rat
glomeruli (N = 9) and the amount of thrombin-mediated activated
protein C (APC) generated. APC-induced hydrolysis of S-2238 was
assessed spectrophometrically after 30 minutes of incubation of 50 jrl of
glomerular extract with 0.5 M protein C, 10 nri thrombin, 5 mri Ca
and 3 mg/mI bovine serum albumin. Regression analysis: Y = 0.71x +
0.70, r = 0.94, P < 0.001.
Human kidneys
Because an antibody to human TM is currently available
(none exists to rat TM, as far as we know), we conducted a
study on human kidneys to determine the antigenic TM content
of the glomeruli and to establish a correlation between glomer-
ular TM activity and TM antigen content. Three kidneys from
cadaver donors judged unsuitable for transplantation were
used. Glomeruli were isolated as previously described by
appropriate calibrated sieving [11], and TM was extracted as for
rat glomeruli. Enzyme-linked immunosorbent assay (ELISA)
was performed as previously described [12]: briefly, 96-well
microplates were precoated with mouse anti-human TM mono-
clonal antibody (provided by J. Amiral, Stago Laboratories,
Asnieres, France). Two hundred d of glomerular extract was
added and the preparation was left to stand for two hours at
room temperature. Plates were then washed with phosphate
buffer saline, pH 7.4, incubated for two hours with 200 d
anti-TM peroxidase, and again washed. Color was revealed by
adding 200 d Ortho Phenylene Diamine and hydrogen perox-
ide. The reaction was stopped after eight minutes by adding 50
jsl of 3 M sulfuric acid. Optical density was measured by
spectrophotometry at 492 nm. The assay was calibrated with
serial dilutions of reference human TM (Stago).
Statistics
Results are expressed as means SD. Comparisons were
made using Student's t-test for unpaired or paired data.
Results
Characterization and quantitarion of glomerular TM activity
Rat kidneys. In all experiments, glomerular extracts acceler-
ated the hydrolysis rate of the chromogenic substrate S-2238 in
the presence of protein C and thrombin, In the absence of
thrombin or protein C, glomerular extracts alone had no effect
on S-2238 hydrolysis; in the absence of glomerular extracts,
thrombin only activated protein C very little (Table 1). In the
absence of calcium, the mixture of glomerular extracts, protein
C and thrombin (data not shown) induced no hydrolysis of
S-2238. These observations indicated the presence of TM-like
activity in the glomerular extract. A mean amount of 681 115
nmol APC/mg glomerular protein (range: 539 to 861) was
formed (N = 9). TM-like activity correlated with the protein
content of glomerular extracts (Fig. 1). As expected, purified
rabbit lung TM stimulated the activation of protein C by
thrombin in a dose-dependent manner; thus, 161, 82, 32 and 18
nmol APC were formed in the presence of 200, 80, 40 and 20
nglml purified TM, respectively. From this experiment, we
deduced that I mg glomerular protein contained TM activity
equivalent to 845 ng purified rabbit TM.
Effects of TNF and of E. coli LPS on rat glomerular TM
activity. Both TNF and LPS depressed glomerular TM activity
in a dose and time dependent manner, as shown in Figures 2 to
5. The effects of both factors reached their maximum after one
hour of incubation, by which time TNF and LPS had inhibited
basal TM activity by about 60% and 30%, respectively.
Direct anticoagulant activity of TM and glomerular extracts.
The APTT of normal rat platelet poor plasma averaged 35 to 40
seconds. As expected [101, APTT was prolonged (>300 sec)
when 250 nglml purified rabbit TM (final concentration) was
added to the test tube. Glomerular extracts had a similar effect,
although less marked since they prolonged APTF to 60 to 120
seconds. However, this TM-like effect of glomerular extracts
was abolished when glomeruli had been incubated with TNF
(Fig. 6).
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Fig. 2. Dose effect of tumor necrosis factor (TNF) on the activity of rat glo,nerular thro,'nbomodulin (TM). Glomeruli were incubated with TNF
for one hour (A) or four hours (B) before TM extraction. TM activity was expressed as the amount of activated protein C (APC) formed per mg
of glomerular protein. Values are means SD of 3 experiments; *p < Øo5, **p < 0.01 vs. control value.
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Fig. 3. Dose effect f hpopolysaccharide (LPS) on the acrivitx of rat glomerular thrombomodulin (TM), Glomeruli were incubated with LPS for
one hour (A) or four hours (B) before TM extraction. TM activity was expressed as the amount of activated protein C (APC) formed per mg of
glomerular protein. Values are means SD of 3 experiments: *JJ < 0.01 vs. control value.
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Human kidneys. Extracts from the three human glomerular
suspensions studied by ELISA contained 76, 97 and 110 ng TM
antigen/mg glomerular protein, which respectively corre-
sponded to TM activities of 120, 195 and 210 nmol APC/mg
glomerular protein.
Discussion
The present results show that extracts from rat and human
glomeruli possess an activity similar to that of endothelial TM.
In addition, we showed by ELISA that in human glomeruli, the
amount of TM antigen correlated with the level of TM activity.
The same experiment could not be performed on rat glomeruli,
because no antibody to rat TM is currently available. The
glomerular activity recovered from detergent-solubilized rat
kidney tissue displayed the same essential functional character-
istics as the TM purified from human or rabbit lungs or placenta
by other investigators [7, 9, 10]. Glomerular extracts markedly
accelerated the activation of protein C by thrombin, which in
their absence was very slight. However, in the absence of
calcium, or of thrombin, these extracts proved unable to
activate protein C. Moreover, they had an anticoagulant effect,
and prolonged the APTT of normal plasma, as previously
reported for purified rabbit TM [10].
The hydrolytic activity of glomerular extracts was downreg-
ulated by incubating them with TNF or E. coli LPS, an effect
generally recognized as a fundamental characteristic of endo-
thelial cell TM activity [2, 13—18]. However, the mechanisms by
which TNF or LPS depress endothelial cell TM activity are still
controversial. Thus, the result of molecular biology study by
Northern blot analysis are conflicting: in one study [18], TNF
was reported to suppress TM gene transcription, with a subse-
quent decrease in TM activity due to the inherent instability of
TM mRNA and protein. However, according to another study,
TNF induced no change in the TM mRNA level, and conse-
quently the downregulation of TM activity was suggested to be
due to translational or posttranslational mechanisms [17]. Fi-
nally, both TM activity and TM antigen were observed to
decrease significantly in bovine aortic endothelial cells after
brief incubation with TNF for 30 to 45 minutes [16], This
suggested that the suppression of TM was induced by its
internalization from the cell surface followed by lysozomal
degradation. Although we did not study the cellular mecha-
nisms involved in TNF or LPS-induced suppression of glomer-
ular TM-like activity, the time course observed for this sup-
pression, which was maximal after one hour of incubation,
seems to argue in favor of the internalization/degradation mech-
anism. In agreement with its suppression of hydrolytic activity,
TNF also suppressed the anticoagulant effect of the glomerular
extracts. This was probably due to its inhibition of glomerular
TM activity, although the previously observed enhancement of
glomerular (mesangial) procoagulant tissue factor activity [19]
might also have partly counteracted the anticoagulant effect of
glomerular TM in the present APTT test.
To sum up, we found here that the extracts from detergent-
solubilized rat glomeruli possess hydrolytic and anticoagulant
properties similar to those expressed by TM extracted and
purified from other mammalian vascular tissues. TM and the
protein C anticoagulant system are thought to be essential to the
thromboresistance of vascular endothelium [1, 2]. Depressed
TM activity is associated with intravascular fibrin formation in
experimental animals [201, and may predispose to thrombosis in
humans [21, 22]. As previous results have shown that changes
in glomerular hemostatic activities may either promote or
mitigate intrarenal coagulation in several types of nephropathy
[3], we suggest that measurement of glomerular TM activity can
provide further insight into the pathogenesis of glomerular fibrin
deposition.
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